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UBI SHERF, MD, FACC,* THOMAS N. JAMES, MD, FACC,* W. THOMAS WOODS, PHDt
Birmingham. Alabama
From the hearts of 20 young dogs, the region of the
atrioventricular (AV) node was studied in vitro utilizing
direct perfusion of the AV node artery. Intracellular
impalement with microelectrodes provided records of
local transmembrane action potentials in all 20 dogs.
These were correlated with serial section histologicstud-
ies in 7 of the 20 dogs to characterize a smaller region
that served as an anatomic guide for electron micro-
scopic examination in 4 other dog hearts.
This report describes the variety of specific cellsfound,
including their intracellular content and organization,
as well as the nature of their intercellular junctions. On
the basis of these findings, AV nodal cells were arbi-
trarily divided into two types, transitional cells and P
cells, although three somewhat different groups of tran-
Within the mammalian heart, the region of the atrioven-
tricular (AV) node and His bundle comprises an exception-
ally complex area by any definition (1). Anatomically, there
are both histologic (2-5) and fine structural (6-9) special-
izations. Physiologically, the individual cells exhibit a va-
riety of electrical properties (10-12), and the function of
the AV node as a whole differs greatly from that of the His
bundle (13). For the clinical cardiologist , this region is
important for understanding the mechani sms by which AV
conduction may be either abbreviated or prolonged, and by
which AV junctional rhythms of either a reentrant or au-
tomatic nature may be produced .
In a recent study (14), we examined the relation between
the electrical properties of canine AV junctional cells and
their morphologic appearance . On the basis of further elec-
tron microscopic observations, we now examine in detail
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sitional cells were identified. The first group, found prin-
cipally at the outer margin of the AV node, has long and
slender cells that exhibit large profiles of gap junctions
or nexuses. The second and third groups of transitional
cells, which constitute most of the body of the AV node,
are oblong or oval and contain fewer and smaller gap
junctions. P cells of the AV node resemble those more
abundantly present in the sinus node; they are found
principally at the junction of the AV node and His bun-
dle. On the basis of these fine structurai features and
the histologic organization and transmembrane action
potentials observed, clinical and experimental aspects of
the local electrophysiologic events are discussed.
aAm Coli Cardiol 1985;5:770-80)
the relevance of these findings to both experimental and
clinical cardiac electrophysiologic .
Methods
The atria and AV junctional tissues of 20 young dogs
were exci sed and selectively perfused with physiologic so-
lutions through the separate nutrient arteries to the sinus
node and AV junction (AV node and His bundle ). This in
vitro method , as well as the one used for recording single
cell action potentials, has been described previously (14,15).
Seven of the 20 preparations were selected at random for
histologic (light microscopy) correlation with the micro-
electrode recordings made in the same AV junction . Spec-
imens were selected from four other dog hearts for electron
microscopic examinations .
Preparation of tissue specimens. Fixation was by hand-
held syringe perfusion with cold 5% glutaraldehyde (pH 7.2
with phosphate buffer ; 0.6 molar fixative) rather than for-
malin . Arterial flow was maintained the same as with pump
perfusion . Small cube s of tissues no more than I or 2 mm
in any dimen sion were then excised from the selected re-
gions in which at least 100 action potential s had been orig-
inally recorded . These small specimens each included a
central cube (one per heart) of about 150 ± 50 u, The
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excised perfusion-fixed specimens were immediately im-
mersed in 5% cold glutaraldehyde we) for 2 hours of
continued fixation . They were then post-fixed for 1 hour
with 1% osmium tetroxide, and embedded in epoxy 812
resin. The blocks were cut with an MT2 Sorvall Ultratome
and examined in a Philips 300 electron microscope. The
measurement of cell and organelle dimensions was made in
at least 100 cells in each region .
Results
Electrophysiologic Findin gs
Action potential morphology. Action potentials de-
fined as AV nodal were found in a small area just above
the tricuspid valve and anterior to the coronary sinus as
reported previously (14) . Within any part icular region , these
remained the same shape (Fig. 1) through out the study pe-
riod of about 5 hours.
Proximal AV node. The action potentials in this region
as compared with ordinary atrial myocyte cells had more
slowly rising upstrokes (maximal upstroke velocit y 10 ±
7 VIs), less positive overshoot potentials (5 ± 4 mY) and
lower amplitude. Rest or maximal diastoli c potentials were
less negative ( - 63 ± 11 mV) and more variable .
Figure 1. Characteristic action potential s recorded in this study
are illustrated here with orient ation to a drawing of the atrioven-
tricular (AV) node . Verification of the anatomi c locations was by
gross inspection and by histologic sections (see discussion in text
and reference 14). A vertical line (a r row) relates each trace to a
standard time reference . Rest potent ial is labeled in mV. The upper
trace is from the near coronary sinus and ju st posterior to the AV
node; the next down is from the proximal AV node; the next two
are from the distal AV node near the His bundle junction; the next
is from the right bundle branch and the lowest is from the ven-
tricular septum (Vent. Sept. ). AIr. Sept. = atrial septum; Memb .
Sept. = membranous septum.
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Distal AV node. The trends observed in action potential
morphology with deeper penetration in the proximal AV
node continued as impalements advanced into the distal AV
node (that is, toward the His bundle). Typical records re-
sembled slow response action potential s. They had slow
upstroke velocities (3 ± 1 VIs), low overshoot (4 ± 5 mY)
and more frequent diastol ic depolarization (100% of sam-
pled cells as compared with 82% in the proximal AV node).
An equally prevalent action potential , with a rapid upstroke
velocity (300 ± 100 VIs), prominent plateau and diastolic
depolarization , was also found in the distal AV node, that
is , near the beginning of the His bundle .
Effect of pacing from different sites in the right atrium
and interventricular septum. During atrial pacing (crista
terminali s and interatri al septum), there was no significant
change of activation sequence in either the proximal or distal
AV node. However, action potential upstrokes became frag-
mented and prepotentials that were simultaneous with action
potent ials recorded elsewhere were often observed. When
the preparation was paced from the right side of the inter-
ventricular septum , the sequence of action potential s in the
proximal and distal AV node was reversed in compari son
with that recorded during sinus rhythm . Upstroke velocity
and amplitude of action potentials decreased in the proximal
AV node during ventricul ar pacing . Impulse conduction
velocity became progre ssively slower with more distal AV
nodal measurement. When the sinus node was arrested and
a new rhythm emerged from the AV junction, we recorded
only action potential s in the distal AV node that were iden-
tical in appearance to those recorded in the sinus node when
it is the dominant pacem aker (15). During AV junctional
rhythm , there was a reversal of the AV nodal activation
sequenc e observed during sinus rhythm .
Histologic Organization and Cellular
Fine Structure
Histology. The light microscopic appearance of the AV
node and His bundle are familiar to most and will not be
described in detail. The orig inal descriptions of each (16, 17)
were remarkabl y accurate, as has been confirmed by many
subsequent observers including ourselves (2-5) . The pur-
poses of conducting light microscopi c examinations in the
present study were as follows: 1) It was necessary to as-
certain that these AV nodes were representative of such
structures in the dog (3), and they were . 2) For topographic
orientati on relative to the electrophysiologic findings, light
microscopy permits ready examination of a much larger
region than does electron microscopy, except by using tech-
niques so tedious that only limited numbers of heart s could
be so studied. 3) Light microscopy readily permits general
identification of cell types present in the AV node , as well
their relative frequency or scarcity and their topographic
relation to each other. From the latter orientation, one can
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then define the intracellular contents and details of inter-
cellular junctions with the electron microscope.
Finestructure ofcellsin theAVnode. All preparations
continuallyperfused in vitro maintained a steady sinus rhythm
and regular contractions for at least 5 hours. Ultrastructural
morphology at the end of this period showed excellent pres-
ervation, with normal amounts of intracellular glycogen and
normal structure of mitochondria (18).
A brief orientational description of the AV node will
suffice to introduce its fine structural findings. Slender in-
terweaving fibers form a meshwork typical of most of the
AV node. There are occasional layers in the cross-sectional
appearance of the AV node, as described by others (19),
but we have found these to be inconsistent in their thickness,
overall extent and even presence. What we have found to
be more characteristic is a frayed margin within which slen-
der AV nodal fibers join with larger fibers of the interatrial
septum. Inaddition to these slender fibers, which are formed
almost entirely of transitional cells (discussed later), there
is one other type of cell always present in the AV node,
namely, the P cell (also discussed later). P cells are scattered
singly or in very small clusters of a few cells throughout
the AV node, nearly always at junctional sites where the
slender fibers merge or cross. However, at one location near
the junction of the distal AV node and His bundle, clusters
of P cells are larger and more numerous; nerves are more
abundant in that vicinity.
In comparison with the sinus node (20), the canine AV
node (2,3) has no regularly placed central artery and has a
much less dense collagen framework. The P cells and tran-
sitional cells are individually similar in each node, but the
sinus node has many more P cells. The interweaving slender
fibers composed of transitional cells are similar in both
nodes. As an estimate from the histologic studies, almost
95% of the myocytes in the AV node Were transitional cells
and most of the remainder were P cells. Despite their light
microscopic similarity, there was an assortment of features
in different cells all best grouped as transitional cells. We
have too little evidence to merit formal classification of AV
nodal transitional cells into separate categories, but their
varied features can be described in three overlapping groups.
In the first group of transitional cells are very slender
cells, long strands ofthem running parallel for considerable
distances (Fig. 2). They were found mainly in the outer
margin of the AV node. Their average length is 48.5 ± 20
JL, whereas their width is only 3.08 ± 1.5 JL. At the level
of the nucleus, which is the broadest part of the cell, they
usually measure 4.5 JL (Fig. 3) compared with at least 12
JL in the ordinary atrial working myocardial cell. The cell
is surrounded by a sarcolemma composed of a sharply de-
fined plasma membrane and a poorly defined basement
membrane. Each cell is filled by two to four rows of sar-
comeres longitudinally arranged in parallel. Z lines are in
register. Between the rows of myofibrils, there are regularly
Figure 2. Typically long and slender transitional cells (first type)
from the outer margin of the atrioventricular (AV) node are shown.
Numerous capillaries (Cap) are visible. Magnification indicated
by reference bar.
and uniformly arranged mitochondria having an average
length of 1.9 ± 1 JL and a width of 0.55 ± 0.02 JL (Fig.
4). The nucleus is also characteristically long and slender
(10.95 ± 7.51 JL long and 1.75 ± 0.75 JL wide) and is
centrally located with a single row of sarcomeres around it
(Fig. 2 to 4). A nucleolus is often seen in the nucleus (Fig.
3) and a Golgi apparatus may be detected at its end (Fig.
Figure 3. Portions of three long slender transitional cells (first
type) are shown here at higher magnification. The side to side
intercellular junction (arrows) contains desmosomes, nexus and
undifferentiated regions, each of which is seen in more detail in
other figures. Mi = mitochondrion; My = myofibril; N = nucleus
and Nu = nucleolus. Magnification indicated by reference bar.
Mi
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Figure 4. These two slender transitional cells (first type) are joined
side to side. Golgi apparatus is seen near the nucleus (N). Mag-
nification indicated by reference bar.
4). No T tubules were observed although an extensive sar-
coplasmic reticulum was present. The cells are connected
principally by lateral, side to side junctions (Fig. 3 and 4).
All the individual elements of myocardial intercalated discs
(21,22) are seen: side to side membrane apposition, des-
mosomes, fasciae adherens and relative long stretches of
nexus (Fig. 3 and 4). Occasionally, one slender cell can be
seen to branch, but this is unusual.
The second group oftransitional cells comprises the most
abundant kind found in the AV node, particularly in its
proximal part. These cells are shorter and broader than the
long slender cells of the first group (Fig. 5). Their average
length is only 19.2 ± 13 IJ- and their width 5.07 ± 2.5 IJ-.
They are multiform and contain all the usual organelles.
The nucleus is eccentrically located and has an average
length of 7.3 IJ- and width of 2.3 IJ-. The mitochondria are
generally longer and broader, being approximately 1.48 IJ-
x 0.83 IJ-. The most characteristic feature of the second
group of transitional cells is their complicated and intricately
arranged junctions with other cells of the same kind. At
least four different kinds of connections are found: end to
end, side to side, end to side and a wavering junction con-
necting two cells. The "interwoven" junctional arrange-
ment of cells in the AV node as seen with the light micro-
scope is depicted particularly by the second group of
transitional cells where three to five of the second group of
transitional cells converge toward one point. Occasionally,
three such cells can be seen connecting each other by a kind
of "telescopic" double end to side arrangement (Fig. 6).
One other important feature of the junctional apparatus con-
necting two or more cells in this group is the lack of any
typical intercalated discs. As in the case of the slender cells
of the first group, however, all four elements of cell junc-
tional specialization are present (simple membrane to mem-
brane apposition, desmosomes, fascia adherens and nexuses
or tight junctions) (Fig. 5 and 6).
The third group of transitional cells may be the most
intriguing. These cells are much smaller, being about 7.0
IJ- x 2.5 IJ- compared with cells in the other two groups.
They are found exclusively in the distal part of the AV node
and are mostly round or oval (Fig. 7). The short oval cells
are usually grouped around capillaries (22), whereas the
more elongated ones span the distance between two such
concentrations (Fig. 8). These cells are filled with myofibrils
more or less parallel to each other, but Z lines are not in
register and the much smaller mitochondria (average 0.92
± 0.3 IJ- x 0.40 ± 0.1 IJ-) are randomly distributed. The
relatively big nucleus (4.08 ± 2 IJ- x 1.65 ± 0.7 IJ-) fills
a great part of the cell, occupying 38% of the cross section
as compared with 13 and 23% for the transitional cells of
first and second groups, respectively. T tubules were not
present, although sarcoplasmic reticulum and micropino-
cytosis were rare. Some atrial granules and lipid droplets
were visible (Fig. 7). In marked contrast to intercellular
junctions of the other two groups of transitional cells, those
of the third group exhibited no nexuses. Their junctions are
formed by membrane to membrane apposition, desmosomes
Figure 5. The small round or oval transitional cells (T) of the
second type contrast with the long slender ones of the first type
shown in Figures 2 to 4. Their general appearance, eccentric nuclei
(N) and intercellular junctions are all depicted here. De = des-
mosome; Ne = nexus. Magnification indicated by reference bar.
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Figure 6. Transitional cells of the second typeoften
merged into complex junctions, such as the one
illustrated here for three different cells marked A,
Band C. This telescoping of junctional regions
accounts to some extent for the crisscrossing of
"fibers" characteristicof the light microscopic ap-
pearance of the AV node. Magnification indicated
by reference bar.
and short stretches of fascia adherens. As will be appreciated
from later discussion, there are many similarities but also
certain differences when comparing the third group of tran-
sitional cells with P cells. As more is learned about their
structure and function, it may prove best to consider both
categories of cells as P cells.
P cells. The P cell in the AV node , as in other locations
(23,24), is a round or oval small cell with relatively few
myofibrils (Fig. 9 and 10). Its average dimensions are 8.06
± 2 J.L in length and 4.45 ± 2 J.L in width. Some P cells
have more myofibrils and some less, making differentiation
Figure 7. The small round transitional cells of the
third type contain numerous lipid droplets (Li) and
are characteristicaIly clustered near capillaries. No
nexuses are present. De = desmosomes. Magni-
fication indicated by reference bar.
between a P cell and some transitional cells difficult if one
uses only the number of myofibrils as a criterion. One char-
acteristic of the P cell is the variety of directions in which
myofibrils may run: transversely, obliquely or longitudinally
to the cell axis . There are also scattered myofilaments not
organized into myofibrils . The nuclei are usually round (3
± 1.5 J.L x 2.5 ± I J.L) and occupy a major central portion
of the cell (Fig . 9) . The mitochondria are small, but vary
in size and shape (1.12 ± 0.1 J.L x 0.50 ± 0.05 J.L).
Sarcoplasmic reticulum is only sparsely present and no T
tubules are present. As is their general characteristic, P cells
Capillary
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Figure 8. This cluster of at least seven rounded
transitional (T) cells typical of the third group in-
cludes numerous intercellularjunctions which con-
tain desmosomes (De) and fascia adherens (FA) as
well as undifferentiated regions, but no nexuses.
Magnification indicated by reference bar.
join only other P cells or transitional cells by simple cellular
junctions, especially membrane to membrane apposition (so-
called undifferentiated regions) with a few scattered des-
mosomes (Fig. 9 and 10). Micropynocytosis and "subsar-
colemmal feet" of sarcoplasmic reticulum can be found in
the areas of cellular junctions (Fig. 9). We found no nexuses
in the junctions between P cells. In the middle of these
conglomerates of P cells, there are some similarly small but
darker cells filled with myofibrils and a large nucleus. These
darker cells make up the third group of transitional cells.
Discussion
Structural-electrophysiologic correlation. There is a
great deal of information available about the cellular elec-
trophysiology of the rabbit atrioventricular (AV) node, in-
cluding that from correlative structural-electrophysiologic
studies (10). There is also considerable knowledge about
the appearance and electrical properties of the canine AV
node as a whole, but little is known about which subregions
contain cells of a particular appearance or about their elec-
trical characteristics. The lapine AV node can readily be
studied in vitro with simple superfusion, but the canine AV
node rapidly deteriorates unless it is constantly perfused
through its nutrient artery. Under the latter condition, how-
ever, the canine AV node functions entirely normally for
many hours (14).
Our anatomic and electrophysiologic findings suggest that
the region of the canine AV node we indicate as "proximal"
corresponds roughly to the AN region of the rabbit's AV
node plus some parts of the N region, while the "distal"
part of the canine AV node can be compared with the NH
areas of the rabbit. The electrophysiologic data in this study
dealt previously (14) with the two most important functions
Figure 9. Typical P cells of the AV node are similar to those of
the sinus node. They have randomlyoriented but generally sparse
myofibrils, a large central nucleus (N) and mitochondria with a
simple cristal pattern but very little sarcoplasmic reticulum. A
notable feature is the simplicity of their junctions, large profiles
of which are shown here, with the virtual absence of nexuses.
Pinocytosis (open arrows) is particularly activeadjacentto a small
nerve. Magnification indicated by reference bar. (This electron
micrograph was prepared by Dr. Kikuko Imamura.)
p
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Figure 10. Within this group of transitional cells,
two tips of P cells are seen. Although junctions
between the two transitional cells (T1 and T2) con-
tain nexus (Ne), junctions between the P cells and
transitional cells are devoid of them. Abbreviations
as in Figures 3 and 5. Magnification indicated by
reference bar.
of the AV node: I) slowing of conduction velocity through
the node; and 2) its being the principal stable alternate pace-
maker of the heart .
Conduction
Slowing of AV conduction. The normal slowing of con-
duction through the AV node provides an obvious hemo-
dynamic advantage, permitting the atria to empty before the
ventricles contract. There are several possible mechanisms
by which this delay may be produced. For example, slender
cells forming most of the AV node arc much smaller in
diameter than the atrial cells to which they are connected
and from which their impulse comes. In fact, atrial cells
are about four times thicker than the slender cells of the AV
node, measuring about 12 and 3 /-L, respectively (11,25).
This could account for some of the delay found in the AN
region, conduction velocity decreasing from 500 mm/s in
the atria to about 56 mm/s in the " proximal" AV node.
Another factor may relate to the histologic organization
ofthe intranodalfibers. Except for the straight nonbranching
ones, the other AV nodal fibers form a meshwork of cords
that connect one to the other in many ways and often con-
verge at a common point to give the appearance of a plexus.
The impulse appears on a local endocardial bipolar recording
to proceed slowly across this cellular labyrinth in the "prox-
imal" AV node (14). In reality, the action potentials prob-
ably pursue a tortuous or multidirectional, three-dimensional
course through interweaving pathways which, simply by the
length of this circuitous pathway, may also produce a net
slowing of conduction. Membranes (sarcolemma) of tran-
sitional cells themselves have an intrinsically slow conduc-
tion velocity and kinetically slow inward current (26,27).
Finally, the presence of P cells interspersed thoughout
the AV node may produce an important "braking" action
also serving to slow the advancing electrical stimulus (6).
P cells are not only strategically located on crossroads,
intersections and meeting points of transitional cells in the
body of the AV node, but they are present in larger clusters
in the distal AV node. We do not know whether every
transitional cell in these regions meets some group of P cells
through which the electrical impulse must pass, but there
is experimental evidence suggesting that such may be true
(28) .
Pattern of electrical flow through the AV node . Under
normal conditions, the flow of electricity through the AV
node, although complicated and slow, is nevertheless pre-
dictable and consistent, including the eventual arrival at the
His bundle in a stable, reproducible and stereotyped wave
front. All of this pattern will change when pathologic con-
ditions or nonphysiologic manipulations are superimposed.
Three examples of such perturbations are: I) distortion of
the entry into the AV nodal labyrinth, 2) local causes of
inhomogeneous decremental conduction within the AV node,
and 3) a change in the timing of the arrival of the electrical
stimulus to the AV node (especially premature beats, whether
originating in the atria, ventricles or junctional areas).
Distortion ofentry into the AV node. The pattern of entry
of the electrical impulse into the AV node is of major im-
portance. Pacing sites that are not in the vicinity of the
physiologic normal pacemaker (the sinus node) may distort
the normal depolarization order of the AV node to either a
minor or a major degree. In our previous study (14) and the
present one, stimulation of the interatrial septum at rates
slightly higher than the ones of the sinus node produced
changes only in the action potential morphology of neigh-
boring cells. However, when Janse (29) stimulated the same
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area in the rabbit with a constant high rate, the whole pattern
of AV nodal excitation was greatly altered.
Local causes of inhomogeneous decremental conduc-
tion. Watanabe and Dreifus (30) found that the numerous
interconnections among fibers with different degrees of con-
ductivity, and the variable length of the different regions in
the AV node to be traversed by an impulse, could account
for irregularities of the wave front arriving at the NH region.
Under normal conditions, some lesser degrees of inhomo-
geneity may not be significant. However, if any single por-
tion of conduction is sufficiently slowed, marked degrees
of fractionation of the wave front could develop and produce
distortion of electrical propagation distally. Papp (31) ar-
rived at a similar conclusion, additionally suggesting that
this fractionation in the AV nodal depolarization front may
produce longitudinal dissociation in the whole AV junc-
tional area.
Effect ofpremature stimuli. Similar distortion of the AV
nodal activation pattern may be induced by manipulating
the timing of the entering electrical stimulus, for example,
with premature atrial or ventricular beats. When the ex-
trastimulus arrives late in the normal cycle (sinus rhythm
or paced rhythm), only minor changes will occur. However,
when the same stimulus is delivered early in the cycle,
distorted conduction develops in the AV node. One part of
the early electrical stimulus, for example, may quickly fol-
low the normal fastest pathway throughout the node and the
other part concomitantly be conducted over some other slower
pathway (32,33). Mendez and Moe (33) suggested the ex-
istence, under these circumstances, of at least two different
AV nodal pathways ("fast" [alpha] and "slow" [beta])
converging into a common final channel before reaching the
His bundle. Separation of rapid passage in one pathway and
slow conduction in the other constitutes the major structural
and electrophysiologic background for echo beats, which
find one less refractory area open again for reentrance in a
retrograde direction. Reentrant tachycardias are the natural
consequencewhen this circus movementbecomesperpetuated.
Pacemaking
As in previous studies (34,35), automatic activity was
readily demonstrated deep in the distal canine AV node. P
cell-type action potentials (36) can be recorded from the
rabbit AV node during AV junctional rhythm (37), although
the exact cellular source of the action potential is not certain.
In our preparation, however, the finding of clusters of P
cells by light microscopy makes it plausible that this area
is the main center of secondary escape pacemaking. Being
located near the junction of the AV node and the His bundle,
this center in the canine heart corresponds to the lapine NH
region.
Faster versus slow AV junctional rhythms. In a series
of canine experiments, Urthaler et al. (38,39) found that
more than one pacemaker center is active in the junctional
area: a faster one, possessing a 66% rate relation to the
original sinus rhythm, always escaped first when the sinus
node was depressed. This faster junctional rhythm (AVJ1)
almost certainly originates in the P cells of the distal AV
node. However, it is less clear what the cellular substrate
is for the second, slower junctional escape rhythm (AVJ2) .
The latter, which has all the characteristics of a supraven-
tricular origin, escapes only when the faster center is se-
lectively blocked by perfusing appropriate depressing sub-
stances (for example, neostigmine) through the AV node
artery, and is naturally preceded by the onset of complete
heart block. Although AVJ2 also exhibits a proportional
relation to the sinus node rate (2:9) and to the AVJ1 rate
(1:3), its behavior otherwise Was quite different. One strik-
ing difference was that it was not affected by acetylcholine
or vagomimetic drugs.
Role of P cells. A different set of experiments (40) com-
pared the AVJ2 rhythm evolving after pharmacologic ma-
nipulations with that observed after surgical incisions at the
AV node-His bundle junction, with both methods producing
complete heart block. By either method, the AVJ2 rhythm
appeared to be the same. In subsequent serial section his-
tologic studies of the two parts of the sectioned junctional
area (the AV node and the beginning of the His bundle), P
cells were found beyond the site of the incision, suggesting
that the AVJ2 rhythm also originates in P cells, but perhaps
only from those few nearest the His bundle.
The AN, Nand NH Regions
Anatomic definitions. These terms were developed
largely on the basis of electrophysiologic experiments in
rabbits, but have become widely used and useful for general
understanding of how the AV node and His bundle behave.
From an anatomic standpoint based particularly on histo-
logic organization as seen with the light microscope, the
AN region is that where large Purkinje-type cells of the
internodal pathways converge onto all atrial margins of the
AV node. The N region would be the body of the AV node
formed by the mass of interweaving and interconnected
slender nodal fibers. The NH region is where slender nodal
fibers connect with the Purkinje-type fibers of the His bun-
dle, and this is where the largest groups of P cells are found.
From these definitions one could then fit electrophysiologic
behavior to the histologic observations. However, with the
increasing knowledge about the fine structure of the cells
under consideration, some different thoughts must be
reviewed.
Role of nexuses and P cells. On the basis of the electron
microscopic definitions of cells and particularly the nature
of their intercellular junctions, certain paradoxes emerge.
If slowing of AV conduction is to be attributed to diminished
diameter of AV nodal fibers, which are predominantly tran-
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sitional cells, then what of the abundant large nexuses be-
tween such cells? They should facilitate or accelerate con-
duction. P cells by contrast have very little specialization
of their junctions, containing almost no nexuses, so that
they must conduct slowly, but that would be appropriate
since their major postulated role is the generation of an
automatic rhythm. The circumstance with P cells may be
no paradox at all, except for the widespread misconception
that "specialized" means to conduct rapidly, for one could
expect an advantage to be had if cells responsible for rhythm
conducted very slowly and were thereby less susceptible to
easy perturbation.
Electrophysiologic properties of AN, N and NO re-
gions. As a working premise currently meriting designation
as no more than a hypothesis, we suggest the following.
Sites where AV nodal conduction normally is slowed have
already been discussed, including both histologic and fine
structural definitions. Slowing would be expected where
thick fibers join thin fibers (AN region), where P cells are
randomly dispersed (throughout the N region) and perhaps
most notably where large clusters of P cells are most nu-
merous (NH region). Automaticity can be the property of
almost any myocardial cell, but stable rhythms from the AV
junctional region are to be expected most likely from the
more thickly clustered P cells at the NH region. Our re-
corded action potential configurations (Fig. I) fit well with
this reasoning. Action potentials intermediate between those
expected of P cells and those expected of Purkinje cells,
seen with deeper penetration in the distal AV node, either
may be from cells with intermediate anatomic features or
may be a consequence of electrotonic influence. The latter
seems particularly plausible since P cells and Purkinje cells
are close neighbors in the NH region, although transitional
cells are always interposed (we have not seen P cells joined
to any cells except other P cells and transitional cells).
Since it appears that normal AV nodal slowing may take
place at several different cellular sites, we suggest that this
electrophysiologic property may be best not assigned to any
one anatomic region alone. In fact, it is possible that the
cellular locus for that slowing would shift under certain
conditions such as increased vagal activity. For cardiac
pacemaking, at least under normal circumstances, the evi-
dence is stronger though still not conclusive that this takes
place at the NH region, whether defined histologically or
cytologically or electrophysiologically. As more light is shed
on this problem, there will surely be better and perhaps
quite different definitions for meaningful correlation of
structure and function in the AV junction.
Possible Relevance to Clinical Electrocardiography
Pathogenesis of supraventricular tachycardia. During
the last two decades, many sophisticated clinical intracar-
diac investigations have elucidated the electrophysiologic
backgrounds of certain supraventricular tachycardias (41,42).
An illustrative example is the AV nodal reentrant (recip-
rocating) tachycardia that has been attributed to longitudinal
(dual or multiple) dissociated conduction in the AV node
(41). However, no precise histologic or ultrastructural sub-
strate for these tachycardias has been presented. Given the
morphologic evidence in the human being (2), dog (3) or
rabbit (4), it is clearly inappropriate to assume that the AV
node is composed of a single kind of cell ("nodal cells")
or has only a single kind of intercellular junction. On the
basis of our correlated electrophysiologic, histologic and
ultrastructural findings, we make the following suggestions
concerning the pathogenesis of this tachycardia.
Fast versus slow AV conducting channels. In a series
of previously published reports (13,43-45), we postulated
the existence of multiple conducting pathways through the
AV node. Clinical electrophysiologic studies published sub-
sequently by others (41 ,42) support our hypothesis. We now
further suggest that under normal conditions the electrical
stimulus entering the AV node arrives simultaneously at the
transitional cells of the first two groups. The first group
(Fig. 2 to 8), being long, slender and running parallel, but
interconnected by many large nexuses, presents an ideal
pathway for a fast descent through the outer margin of the
node and may therefore present the normal fast pathway of
AV conduction. Of course, these strands of nodal transi-
tional cells also course parallel to extranodal Purkinje-type
cells anatomically bypassing most of the AV node (2-4),
and these are an equally valid candidate for the fast pathway.
Simultaneously, the electrical stimulus also enters the lab-
yrinth of the second group of transitional cells (Fig. 5 and
6) with their multiple interconnections, containing inter-
posed slow-conducting and acetylcholine-sensitive P cells.
This kaleidoscopic arrangement of cells and cell junctions
may form the suggested "slow" conducting channel (33).
Both kinds of transitional cells finally abut into the clus-
ters of P cells (Fig. 9 and 10) and the third group of tran-
sitional cells (Fig. 7 and 8), which predominate in the deep-
est part of the AV node (distal AV node). This region may
tentatively be identified with the theoretical "common chan-
nel" in the hypothesis of Mendez and Moe (33). The clusters
of P cells vary in size and extent. Possibly the size and
extent of these P cell clusters become major determinants
of whether a PR interval will be 0.12 or 0.19 second, both
being within the normal range of AV conduction velocity.
Mechanism of reentry and reentrant AV nodal tachy-
cardia. Either in pathologic situations or in experimental
studies, a very early atrial premature beat or very rapid atrial
pacing may block the "fast" pathway. This part of the
electrical propagation will thus stop in its advance toward
the His bundle. The other part, however, which had entered
the broad kaleidoscopic arrangement of the interwoven fi-
bers, will slowly descend through it, being often rerouted
through the long nexuses when refractory areas are en-
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countered and finally reaching the deep common pathway.
In such a scenario, the slow spreading element of the pre-
mature beat may find the previously blocked' 'fast" pathway
recovered and proceed to invade it from its lower end,
ascending within it in a retrograde direction. In this way,
an "echo beat" will be produced. If sufficient time elapses,
this retrograde activation will find the upper (proximal) AV
node again excitable, reenter the slow conducting pathways
to descend through them, starting a circular intranodal con-
duction ring and producing reentrant AV nodal tachycardia.
Multiple slow conducting pathways: Wenckebach
conduction. It would, however, be an oversimplication to
say that through the bulk of the AV nodal meshwork there
was only one slow conducting pathway. It is probable, in
fact, that this network of slender fibers contains an almost
infinite number of conduction routes through the AV node,
depending on the structural integrity and the electrophysi-
ologic status of the variety of different cells at any given
time. This sophisticated apparatus would provide an enor-
mous functional reserve to the AV node, serving to assure
the safe delivery of the electrical impulse to the ventricles
even in pathologic or nonphysiologic situations. It would
also serve as a suitable morphologic substrate for under-
standing the data concerning the findings of a second or
third slow conduction pathway deduced from clinical elec-
trophysiologic studies (46,47). When, after the blocking of
the first pathway, a slower one also becomes impassable, a
third or a fourth can become functional but with longer and
longer conduction times. Eventually, one beat may not pass
at all-the dropped beat of the Wenckebach phenomenon.
In some patients with Wenckebach phep.omenon, the
electrocardiographic finding that every beat with a pro-
longed PR interval has its own different QRS pattern further
supports this interpretation (13).
Dual or multiple AV nodal pathways. A final question
may be posed concerning the usual status of so-called dual
or multiple AV nodal pathways. Are they physiologic var-
iants present in healthy people or are they a pathologic
situation present only where structural or functional disor-
ders of the AV node occur? Since few healthy individuals
undergo intracardiac electrophysiologic investigations, there
is no clear answer to this question. However, in studies (48)
performed in children with congenital heart disease but with-
out any arrhythmias, more than 30% showed dual or mul-
tiple AV nodal pathways. Similarly, 16 of 41 adult patients
who underwent catheterization because of a multitude of
causes showed dual AV nodal pathways not related to tachy-
cardia or palpitation (49). We believe, therefore, that this
electrophysiologic constellation of two or more normally
demonstrable intranodal pathways is a normal variant of AV
conduction, depending on different structural and functional
conditions. Obviously, if such a background exists, addi-
tional factors (premature beats) will find an ideal field for
producing echo beats or reentrant tachycardias. It is hardly
surprising, therefore, that in so many patients who do have
tachyarrhythmias, multiple pathways through the AV node
have been documented (50,51).
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